Introduction
Metastatic renal cell carcinoma (mRCC) is a disease with a poor prognosis. Cytokine-based immunotherapy with IL-2 was approved by the FDA to treat patients with mRCC in 1992 [1] . The "SELECT" clinical trial was designed to validate predictive markers for patient response to high-dose IL2 (HD-IL2), and the study achieved a higher response rate than historical trials (25 vs 14 %) [2] . NK cell activation is regulated, in part, by killer immunoglobulin-like receptors (KIRs) [3] , and KIR and KIR-ligand genotypes have been shown to play a role in patient response to immunotherapies involving NK cells [4] [5] [6] [7] . In this "SELECT" trial where patient NK cells have the potential to be activated by IL2 treatment, we performed correlative analyses to evaluate the potential role of KIR and KIR-ligand genotypes in patient response to HD-IL2.
KIR genes are a family of receptors expressed on most NK cells and on some subsets of T cells. There are 15 different KIR genes, which can be inhibitory or activating depending on the KIR cytoplasmic signaling motifs [8] . The KIR genes are located on chromosome 19 and based on the KIR repertoire an individual inherits, he is designated to be either KIR haplotype-A or KIR haplotype-B. Individuals that have inherited KIR haplotype-A (genotype KIR haplotype-A/A) are designated as haplotype-A individuals, and they have fewer activating KIR genes than individuals that have inherited at least one KIR haplotype-B (genotype KIR Haplotype-B/x), and thus designated as haplotype-B individuals [8] . The activating KIR genes are believed to have played a role in acute myeloid leukemia patients receiving unrelated hematopoietic cell transplantation where patients showed better outcome if their donor was a haplotype-B [9] [10] [11] .
Most inhibitory KIRs recognize certain HLA epitopes as their ligand. HLA-C alleles with a lysine at amino acid position 80 (HLA-C2) are ligands for inhibitory KIR2DL1 [12] . This HLA-C2 is also a ligand for the activating KIR2DS1 with less strong binding [13] . HLA-C alleles with an asparagine at amino acid position 80 (HLA-C1) are ligands for inhibitory KIR2DL2 and 2DL3 [14] . Both HLA-A and HLA-B alleles with a Bw4 motif (HLA-ABw4 and HLA-B-Bw4) are ligands for inhibitory KIR3DL1 [15] . Except for the recognition of HLA-C2 by activating KIR2DS1, the ligands for most of the activating KIRs have not yet been identified.
Inhibitory KIR/KIR-ligand interactions play an important role in NK cell education and function. KIR-ligand mismatch between donor and recipient (recipient missing KIR-ligand for donor inhibitory KIR genes) in stem cell transplantation was associated with improved clinical outcome for leukemia patients [16, 17] . Since KIR and HLA are inherited independently on chromosome 19 and chromosome 6, respectively [8] , an individual may lack one or more HLA epitopes for their inhibitory KIR genes; such individuals are referred to as having a "KIR-ligand missing" genotype. This KIR/KIR-ligand genotype is present in more than 60 % of the population [6, 18] . Alternatively, those individuals that have HLA epitopes for all of their inherited inhibitory KIR genes are referred to as having "all KIR-ligands present." The KIR-ligand missing genotype has also been shown to correlate with better clinical outcomes for patients receiving immunotherapies that involve NK cell function, such as anti-GD2 mAb for neuroblastoma patients and rituximab therapy for patients with B cell lymphoma [4] [5] [6] [7] .
In addition to tumor-reactive mAb, IL2 is also a potent activator of NK cells, in vitro and in vivo [19, 20] . Here we examined whether KIR/KIR-ligand genotypes were associated with the clinical anti-tumor activity of HD-IL2, potentially indicating a role for IL2-activated NK cells in vivo. The KIR/KIR-ligand genotypes we evaluated here mainly focused on those with past observations in the literature that did show some prior correlation with cancer immunotherapy outcomes, or those with some prior biological observation that led to the hypothesis examined: overall KIR-ligand status (KIR-ligand missing vs KIR-ligands present) [4, 6, 16] , individual KIR-ligand missing vs. present [5, 21] and KIR haplotypes [9, 10] . More specifically, three distinct levels of analyses were performed to assess: (1) association between clinical outcome and KIR/KIRligand genotypes; (2) association between KIR/KIR-ligand genotypes and tumor PDL1 expression; and (3) association between clinical outcome and KIR/KIR-ligand genotypes/ PDL1 interactions.
Materials and methods

Patients and clinical treatment
All patients evaluated in this study participated in the SELECT trial of HD-IL2 for patients with mRCC. The clinical details of this study and its clinical conclusions were reported by McDermott et al. [2] .
DNA isolation and whole-genome amplification
Genomic DNA was isolated from patient PBMCs using the DNeasy Blood and Tissue Kit (Qiagen). DNA was then whole-genome-amplified using the REPLI-g Mini Kit as per the manufacturer's instructions (Qiagen).
Whole-genome-amplified DNA samples were used for KIR and KIR-ligand genotyping.
KIR/KIR-ligand genotyping
KIR genes were genotyped using real-time SYBR green PCR melt curve analyses as developed by Vilches et al. [22] . KIR-ligand genotypes were determined using a sequence specific primer PCR kit, SSP KIR HLA ligand, as per the manufacturer's protocol (Olerup), as previously reported [4] .
Histological analyses
Tumor samples from patients were analyzed by immunohistochemistry for expression of various histological markers, as reported elsewhere [2] .
Data management
Genotyping data from our laboratory were collected and managed using the REDCap system hosted at the University of Wisconsin-Madison. Research Electronic Data Capture (REDCap) is a secure, HIPAA-compatible, Web-based application designed to support data capture for research studies, providing: (1) an intuitive interface for validated data entry; (2) audit trails for tracking data manipulation, algorithm input for data analysis and export procedures; and (3) procedures for importing data from external sources [23] . The clinical outcome data from the mRCC study (which is HIPAA protected) were merged with the genotyping data in REDCap to create a SAS dataset for analysis.
Algorithms for genotype categorization
KIR-ligand missing vs KIR-ligands present
If an individual's genotype was found to be negative for any one of the KIR-ligand genes for the inhibitory KIR genes (KIR2DL1, 2DL2, 2DL3 or 3DL1) that were found to be present in their genome, their genotype was defined as "KIR-ligand missing." If an individual's genotype is positive for KIR-ligand genes for all the inhibitory KIR genes studied here (KIR2DL1, 2DL2, 2DL3 or 3DL1) that are present in that individual's genome, this genotype is defined as "all KIR-ligands present," and will be referred to in this report "KIR-ligands present" [4] .
KIR haplotype-A vs KIR haplotype-B
Individuals with a KIR haplotype-A/A genotype are categorized as KIR haplotype-A. Individuals with at least one KIR haplotype-B (KIR haplotype-B/A or KIR haplotype-B/B genotype) are categorized as KIR haplotype-B. KIR haplotype-A or haplotype-B was determined as published by Cooley et al. [9] .
Statistical analyses
Genotyping results were analyzed for association with the following clinical outcomes: (1) maximum % tumor shrinkage; (2) progression-free survival (PFS); and (3) overall survival (OS). The maximum % tumor shrinkage represents the peak shrinkage in tumor burden when combining all target lesions (measured as the product of the longest tumor diameter and longest perpendicular diameter) for each patient according to WHO criteria.
Statistical analyses were performed using SAS version 9.4 (SAS Institute, Cary, NC). Linear regression models for maximum % tumor shrinkage were used to evaluate association with genotyping predictors. The Kaplan-Meier method was used for estimation of the survival distribution for both PFS and OS. Log-rank tests and Cox proportional hazards regression models for PFS and OS were used to evaluate associations with genotyping predictors. Fisher's exact tests or Chi-square tests were used to assess the association between KIR/KIR-ligand genotype and histological markers. For interaction analyses between KIR and KIR-ligand genes, or between KIR/KIR-ligand genotype and histological markers, further intergroup comparisons were performed if the p value was ≤0.10. As all analyses in this report are exploratory, p values are reported as calculated by the methods described above, without corrections for multiple comparisons.
Results
Clinical characteristics of patient cohort analyzed for KIR/KIR-ligand genotypes
The SELECT clinical trial enrolled a total of 120 patients for treatment with HD-IL2 [2] . Of these, 107 patients had PBMCs available for DNA isolation and were genotyped for KIR and KIR-ligand genes. There were no major differences observed in the clinical characteristics from the total SELECT patient cohort (n = 120) as compared to the subset of SELECT patients (n = 107) genotyped for KIR/ KIR-ligand genes (Table 1) .
KIR and KIR-ligand genotype frequency
Among the 107 patients genotyped for KIR and KIRligand, one DNA sample did not result in any discernible KIR or KIR-ligand genotypes. Another DNA sample had repeatable KIR genotype results but no KIR-ligand genotype results. Therefore, the former was excluded for any statistical analyses, and the latter was excluded for any analyses involving KIR-ligand genotypes.
Genotype frequencies of KIR2DL1, 2DL2, 2DL3, 2DL5, 2DS1, 2DS2, 2DS3, 2DS4, 2DS5, 3DL1 and 3DS1 as well as for KIR-ligands HLA-C1, HLA-C2 and HLA-Bw4 in the cohort of patients with mRCC that were genotyped for this study are shown in Table 2 . Eighty-four percent of the patients had HLA-C1, the ligand for KIR2DL2/3, and 65 % of the patients had HLA-C2, the ligand for KIR2DL1. Seventy percent of the patients had HLA-Bw4, the ligand for KIR3DL1 ( Table 2 ). The KIR and KIR-ligand genotype frequencies are similar to what is observed in the healthy population [24] .
Association of KIR-ligand missing and KIR haplotypes with patient outcome
Inhibitory KIR-ligand missing status has correlated with improved outcomes for patients receiving certain immunotherapies [4, 6, 7] . In this study of mRCC patients treated with HD-IL2, we did not find any significant associations between KIR/KIR-ligand status (any KIR-ligand missing vs all KIR-ligands present, see method section "Algorithms for genotype categorization") and patient clinical outcomes (Table 3 ). In addition, when separate analyses were performed looking at outcome (tumor shrinkage, PFS and OS), we found no differences (or trends) between individuals with 0, 1 or 2 KIR-ligands missing (data not shown). Analyses of the individual KIR-ligand genotypes also revealed no association with patient clinical outcomes (Supplemental Table 1 ).
KIR haplotypes were previously shown to influence the clinical outcome of leukemia patients following allogeneic HSCT [9] [10] [11] . Our assessment of KIR haplotypes (haplotype-A vs haplotype-B) for these patients with mRCC revealed no association with clinical outcomes (Table 3) .
Similarly, when the presence or absence of individual activating KIR were analyzed, there were no significant associations seen for any clinical outcome (data not shown). Since activating KIRs that are primarily present in haplotype-B may potentially alter the impact from inhibitory KIR/KIR-ligand interactions, we also assessed whether KIR haplotype-A or B status might influence whether KIRligand missing or present status was associated with outcome for these patients with mRCC treated with HD-IL2, but no significant association was found (data not shown).
Association between KIR/KIR-ligand genotype and PDL1 expression on tumors
In evaluating IHC analyses of several clinically relevant markers on tumors from patients participating in this clinical trial, McDermott et al. [2] noted that the presence of programmed death-ligand 1 (PDL1) expression on patient's tumors was associated with improved response rate and PFS. We thus evaluated whether an individual's KIR/KIRligand genotype might be associated with PDL1 expression on a patient's tumor. We found that individuals with KIR haplotype-B were more likely to express PDL1 on their tumors ( Table 4) . As KIR genes 2DS2 and 2DL2 demonstrate linkage disequilibrium [25] , and about 72 % of haplotype-B patients are also 2DS2/2DL2+ in this patient cohort, these are not independent observations, but reflect overlapping sets of patients.
While our study did not show an association of KIR/ KIR-ligand genotype with outcome overall, our additional analyses did indicate that the influence of KIR/KIR-ligand genotype on outcome might be PDL1 dependent. Individuals that were PDL1+ and KIR2DL1-ligand present (i.e., 2DL1+, HLA-C2+) had a significantly prolonged PFS as compared to patients that were PDL1+ and KIR2DL1-ligand missing (i.e., 2DL1+, HLA-C2−) (Fig. 1a) . The same association was also seen when evaluating KIR3DL1-ligand status (Fig. 1b) . There was no significant interaction between PDL1 status and KIR2DL2/3-ligand genotype in terms of their influence on patient outcome (Fig. 1c) , indicating that the beneficial impact of PDL1+ status on patient outcome was independent of KIR2DL2/3-ligand present or missing genotype. Similar results to those for PFS in Fig. 1a, b were also observed for maximum % tumor shrinkage and for overall survival (data not shown). Even though 2DL1-ligand and 3DL1-ligand were assessed independently, we found substantial overlap of these populations. Nine out of 11 PDL1+ 2DL1-ligand present patients were also PDL1+ 3DL1-ligand present; 4 out of 6 PDL1+ 2DL1-ligand missing patients were also PDL1+ 3DL1-ligand missing. Therefore, the data shown in Fig. 1a , b are not independent observations. 
Discussion
In IL2-treated patients with advanced cancer, West et al. [26] have shown that the mononuclear cells from responders had slightly increased cytotoxicity in vitro than those cells from non-responders, although the difference was not significant, which suggests that NK cells may play a role in patient response to IL2 treatment. However, such correlation was not seen in other early phase clinical trials with different regimens of IL2 treatment [27, 28] . Since the role that NK cells play in IL2 treatment is still unclear, we assessed the correlation between patient KIR/KIR-ligand genotypes and their response to HD-IL2 treatment in the mRCC study [2] . An inhibitory KIR-ligand missing genotype has been shown to result in a subset of NK cells that express inhibitory KIRs that are not inhibited by self-HLA [29] . Due to reduced inhibition for these NK cells, when stimulatory signals are present, such as tumor-reactive mAb, these uninhibited NK cells exhibit higher cytotoxic capability as compared to NK cells that are inhibited by self-HLA [6] . Inhibitory KIR-ligand missing status was associated with better clinical outcomes in patients with neuroblastoma who received anti-GD2 mAb therapies [4, 6, 7] . In addition, in a study of patients with lymphoma receiving rituximab therapy, we found a haplotype-dependent influence of KIR-ligand missing (unpublished data). However, in this cohort of mRCC patients that received HD-IL2, we did not find any statistically significant associations between patient response and KIR-ligand missing genotype or KIR haplotypes, either alone (Table 2 ) or in combination (data not shown). Unlike patients with neuroblastoma or lymphoma who received tumor-reactive mAb as immunotherapy [4] [5] [6] , there was no RCC-reactive mAb infused into these patients with mRCC as part of their immunotherapy treatment in this clinical trial. Therefore, even though inhibitory KIR-ligand missing may be predictive of patient response to mAb therapy where NK cells are activated via tumor-reactive mAb through Fc receptors, this KIR-ligand missing status appears to not be associated with anti-tumor activity in the setting of IL2 activation, which is mediated via IL2 receptors [30] . Based on these experiments, we cannot confirm a role for KIR or KIR-ligand genotypes related to NK cell function in the anti-tumor activity of HD-IL2 therapy for patients with mRCC.
In addition to overall KIR-ligand missing status, the presence or absence of certain individual inhibitory KIRligand missing, for a patient's KIR/KIR-ligand genotype, may also be associated with response to certain cancer immunotherapies. Du et al. [5] reported that HLA-C2 and Bw4 missing in patients with follicular lymphoma receiving rituximab mAb therapy significantly improved progression-free survival. However, our results indicate that missing C2 for 2DL1+ patients, missing C1 for 2DL2+ or 2DL3+ patients or missing Bw4 for 3DL1+ patients is not associated with improved response for these patients with mRCC treated with HD-IL2 (Supplemental Table 1 ).
Other factors beyond KIR-ligand missing may also contribute to the degree of response that may be attributed to NK cells in patients with mRCC, such as the copy number of both inhibitory KIR and KIR-ligand, as well as other receptors expressed on NK cells. For example, programmed cell death protein 1 (PD−1), another inhibitory receptor expressed on NK cells, recognizes PDL1 expressed on tumor tissue [31] . PD−1 expression on peripheral NK cells has been reported for patients with RCC and is correlated with disease stage [32] . In addition, McDermott et al. [2] found that, in the same cohort of patients enrolled in the SELECT study, the expression of PDL1 on patient tumors was associated with a higher response rate and prolonged PFS following HD-IL2 treatment. In this study, our data suggest that certain KIR/KIR-ligand interactions are associated with better outcome for those patients with PDL1+ tumors. Specifically, a subgroup of patients with 2DL1-ligand or 3DL1-ligand present and PDL1+ tumors had significantly prolonged PFS compared to the rest of the patients. The presence of PDL1 on a variety of tumors has previously been associated with a greater degree of immune cell infiltrate into tumors [33, 34] . This might reflect a stronger preexisting immune response and could account, in part, for our data indicating that PDL1 expression (in the context of having the KIR gene and its ligand present) may be associated with better outcome.
In certain other settings (particularly allogeneic bone marrow transplantation, autologous bone marrow transplantation for solid tumors and anti-GD2 mAb treatment for neuroblastoma), there has been benefit for patients that Fig. 1 Progression-free survival: tumor PDL-1 expression and KIRligand genotypes. The interaction analysis between tumor PDL1 phenotype and KIR2DL1 (interaction p = 0.041) or 3DL1-ligand genotype (interaction p = 0.054) was evaluated by Cox proportional hazards analyses with further subgroup comparisons shown below. a While PDL1+ patients had prolonged PFS than PDL1− patients if they were KIR2DL1-ligand present genotype (p = 0.009), there was no difference between PDL1+ and PDL1− patients if they were KIR2DL1-ligand missing. In addition, individuals that were PDL1+ and KIR2DL1-ligand present showed prolonged PFS than patients that are PDL1+ and KIR2DL1-ligand missing (p = 0.03); b While PDL1+ patients had prolonged PFS than PDL1− patients if they were KIR3DL1-ligand present genotype (p = 0.007), there was no difference between PDL1+ and PDL1− patients if they were KIR3DL1-ligand missing. In addition, individuals that were PDL1+ and KIR3DL1-ligand present showed a trend toward prolonged PFS than patients that are PDL1+ and KIR3DL1-ligand missing (p = 0.057). c Since the interaction p value between PDL1 and KIR2DL2/3-ligand missing is above 0.1 (interaction p = 0.64), the impact from PDL1 expression and KIR2DL2/3-ligand genotypes on PFS are independent from each other. Therefore, no pairwise comparisons were made between the subgroups of patients
have KIR-ligand missing genotype [4, 16, 35] . This in part results from NK-mediated killing of tumor cells under conditions where the inhibitory KIRs on the NK cells are not seeing their corresponding inhibitory ligand on the tumor cells (and thus not inhibited) [6] . However, this is not always observed [36] , and we do not see a benefit in outcome for KIR-ligand missing genotype here in our analyses of these mRCC patients. In addition, while the KIRligands can inhibit NK cells through their inhibitory KIRs, those same KIR-ligands (HLA class-I molecules) are also important targets for T cell recognition. Moreover, the interactions of KIR on NK cells with their KIR-ligand during NK development are also associated with greater subsequent NK cell function, through NK cell licensing [37] . This licensing may be playing a role in potentially accounting for the better outcome we observe for patients with PDL1+ tumors that have KIR-ligands present for KIRs 2DL1 and 3DL1 (Fig. 1) . However, due to a limited number of patients that have PDL1+ tumors in this study, this observation requires further validation in future studies.
Multiple other factors may also contribute to the absence of evidence supporting an association of KIR/KIR-ligand genotype with clinical outcome for patients with mRCC receiving HD-IL2 from this study. Analyses of KIR/KIRligand genotypes and clinical outcome are revealing different patterns of associations for different diseases and for different forms of immunotherapy [4-6, 16, 38] . Different types of tumor cells may have differential susceptibility to NK recognition or NK-mediated cytotoxicity. If so, the level of resistance to NK lysis may influence how much KIR/KIR-ligand inhibition may play a role in immunotherapeutic effect. Different forms of immunotherapy may also have widely different roles for NK cells. While NK cells (and KIR/KIR-ligand interactions) appear to be involved in the clinical response to the use of anti-GD2-or anti-CD20-based immunotherapies for neuroblastoma and follicular lymphoma [4] [5] [6] , respectively, our data suggest that the role of NK cells, and of KIR, seems less evident in the clinical responses of patients with mRCC to HD-IL2.
Overall, our data show that inhibitory KIR/KIR-ligand genotypes or KIR haplotype (A/A vs B/x), either alone or in combination, does not correlate with mRCC patient response to HD-IL2.
